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ABSTRACT 

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels were 

reported to express in the well-known vasomotor region, rostral ventrolateral medulla 

(RVLM), and can be inhibited by propofol. However, whether HCN channels in RVLM 

contribute to propofol-induced cardiovascular depression remains unclear. We recorded 

the hemodynamic changes when either continuous intravenous infusions or 

microinjections of propofol and ZD-7288 (HCN channels blocker) in RVLM. 

Expressions of HCN channels in RVLM neurons of mice of different ages were 

examined by qRT-PCR and western blotting. The effects of propofol and ZD-7288 on 

HCN channels and excitability of RVLM neurons were examined by 

electrophysiological recording. Propofol (1.25, 2.5, 5, 7.5 mg·kg-1·min-1, i.v., 10 min) 

decreased mean arterial pressure (MAP) and heart rate (HR) in a concentration-

dependent manner in wide-type mice that were markedly attenuated in HCN1 knockout 

mice. Bilateral microinjection of propofol (1%, 0.1 μl) in RVLM caused a sharp and 

pronounced drop in MAP and HR, which were abated by pretreatment with ZD-7288. 

In electrophysiological recording, propofol (5, 10, 20 μM) concentration-dependently 

inhibited Ih, increased input resistance, decreased firing rate and caused membrane 

hyperpolarization in RVLM neurons. These actions of propofol were attenuated by ZD-

7288 pretreatment. The mRNA and protein level of HCN channels increased in an age-

dependent manner, which may contribute to the age-dependent increase in the 

sensitivity to propofol. Our results indicated that the inhibition of HCN channels in 

RVLM neurons may contribute to propofol-induced cardiovascular inhibition.  
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Introduction 

Propofol (2, 6 di-isopropylphenol) is a widely used intravenous anesthetic with its 

quick onset, short effectiveness and rapid recovery characteristics. However, 

hypotension and bradycardia are the major undesirable side-effects of propofol 

anesthesia (de Wit et al., 2016; Vanlersberghe and Camu, 2008), especially in the elderly 

(Hug et al., 1993; Memtsoudis et al., 2005). Propofol at blood concentrations of 4-6 

mg/l result in a significant reduction in arterial blood pressure (Han et al., 2016), 

anesthesia induction with propofol often reduces blood pressure of 15-40% from 

preinduction values (Jager et al., 2015). Although the incidence of propofol-induced 

bradycardia is relative less, high-dose propofol anesthesia can significantly decreases 

heart rate and even lead to fatal asystole (Cacheaux et al., 2005; de Wit et al., 2016; 

Yang et al., 2015). However, the exact mechanisms underlying propofol-induced 

hypotension and bradycardia have not been fully understood yet.  

Various mechanisms that account for the negative cardiovascular effects of 

propofol have been proposed; e.g., direct myocardial depression (Hatakeyama et al., 

2009; Yang et al., 2015), vasodilation (Klockgether-Radke et al., 2004; Sinha et al., 

2015), reduction of baroreflex sensitivity (Memtsoudis et al., 2005; Sato et al., 2005) 

and decrement of catecholamine release (Han et al., 2016; Xie et al., 2013). 

Furthermore, evidence is suggests that propofol inhibits vasomotor pressor neurons in 

rostral ventrolateral medulla (RVLM) (Guyenet et al., 2013) and this effect may play a 

pivotal role in mediating the cardiovascular effect of propofol (Wu et al., 2009; Yang et 

al., 1997; Yang et al., 2007). Previous study has demonstrated that intravenous 
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administration of propofol exerts direct inhibitory action on the firing rate of RVLM 

neurons (Yang et al., 2007). However, the detailed molecular mechanism underlying 

the inhibition was not well-defined. 

Hyperpolarization-activated cyclic nucleotide-gated (HCN1-4) channels are 

widely expressed in various tissues, including heart, central and peripheral nervous 

system (Biel et al., 2009). HCN channels underlying currents (Ih) which act as a 

pacemaker current in cardiac and neuronal rhythmogenesis (Cacheaux et al., 2005; 

Chen et al., 2005). Previous studies indicated that Ih contribute to pacemaker-like slow 

depolarization of RVLM presympathetic neurons, and neurons shown a significant 

reduction in firing rate after blocking Ih (Kangrga and Loewy, 1995; Li et al., 1995). 

Moreover, propofol has been reported as a potent inhibitor of HCN1 and HCN2 

channels (rather than HCN4 channels) at clinically relevant concentrations (Cacheaux 

et al., 2005; Chen et al., 2005). And HCN1 and HCN2 channels are implicated in 

anesthetic actions of propofol, e.g., mediating the amnesia and hypnosis of propofol 

(Cacheaux et al., 2005; Chen et al., 2005; Ying et al., 2006). Furthermore, HCN1 and 

HCN2 channels at sinoatrial node are reported to contribute to the negative 

chronotropic action of propofol at clinically relevant concentrations (Cacheaux et al., 

2005). In addition, in the medulla oblongata, HCN1 and HCN2 subunits are the 

principal subunits, however, HCN3 and HCN4 subunits were expressed at very low 

level (Notomi and Shigemoto, 2004). In the present study, we tested the hypothesis that 

HCN1 and HCN2 channels in RVLM neurons play a key role in mediating the adverse 

cardiovascular effects of propofol. 
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Materials and Methods 

Animals. Male C57BL/6J mice and HCN1 knockout (HCN1 KO) mice were used 

in this study. HCN1 KO mice were obtained from The Jackson Laboratory and 

maintained on a mixed C57BL/6 and 129/Sv background (Stock#s: 005043&101045). 

HCN1 KO mice and wild-type (WT) littermates derived from heterozygous breeding 

pairs were randomly assigned to the experimental procedures. HCN1 KO mice are 

viable, fertile, normal in size and do not display any gross physical abnormalities. Mice 

were maintained under a 12:12 h light dark cycle with free access to standard chow and 

water in temperature controlled environment. All experimental protocols were 

approved by the Animals Care and Use Committee of Huazhong University of Science 

and Technology (Wuhan, Hubei, China). 

Cardiovascular responses of propofol infusions in Wide-type (WT) and 

HCN1 knockout (KO) mice. WT and HCN1 KO mice (8-12 W, 22-28 g, n=40) were 

trained for at least 1 week at the same time every day to acclimate to Mouse tail cuff 

blood pressure system (IITC Lifescience, USA). Resting systolic, diastolic and mean 

arterial pressure (SBP, DBP, MAP; respectively) were measured by computerized tail 

cuff under awake condition (Krege et al., 1995), arterial blood pressure was measured 

in 20 min intervals during the 24h period. For time domain analysis the total variances 

of SBP, DBP and MAP, the standard deviations of corresponding average BP during the 

24h period (SD SBP24, SD DBP24, SD MAP24) were used to assess Blood pressure 

variability (BPV) (Wierzbowska et al., 2012). Meanwhile, radiotelemetric ECG 

transmitters (ETA-F20, Data Sciences International, USA) were implanted 
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subcutaneously as described previously, 2h EEG recording were recorded during 10 

am-12 am. For time domain analysis of heart rate variability, mean heart rate, RR 

interval and two classical time domain parameters (standard deviation of all normal RR 

intervals, SDNN; root mean square of the difference of successive RR intervals, 

RMSSD) were calculated as reported previously (Fenske et al., 2013). 

To assess the hemodynamic effects of propofol, in this study, mice were 

anesthetized with continuous infusions of propofol (1.25, 2.5, 5, 7.5 mg·kg-1·min-1, 10 

min) via the tail vein using tail veil catheter connected to a model 940 Harvard infusion 

pump, the hemodynamic responses were continuously recorded for 15 min after 

infusion. The lowest values after propofol infusions were taken as the Minimum MAP 

and HR. The percent changes in MAP or HR were calculated using the equation: % 

change = (Baseline- Minimum)/ Baseline times 100. 

Drugs microinjection in RVLM. Male mice (8-12 W, 20-30 g, n=25) were 

anesthetized with sodium pentobarbital (100 mg/kg, i.p.; Merck, Germany). Depth of 

anesthesia was assessed by monitoring withdrawal reflex, blood pressure, or respiratory 

responses to firm pinch of the hind paw. Supplemental doses of sodium pentobarbital 

were administered as necessary (20~25% of the original dose). After instrumentation, 

mice were placed in a stereotaxic apparatus (RWD, China) in a prone position. A 

warming pad was used to maintain core body temperature at 37 °C. The jugular vein 

and femoral artery were cannulated with a high-fidelity microtip transducer catheter 

connected to Powerlab/4SP recording system. Two occipital bones overlying the 

cerebellum were carefully removed. The coordinates of the RVLM, determined using 
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the Paxinos and Franklin atlas, were 1.2-1.4 mm lateral to the midline, 1.6-1.8 mm 

caudal to lambda, and 5.1-5.4 mm ventral to the dorsal surface of the brain (Chen et al., 

2010). Microinjections were made through multibarrelled glass micropipettes (WPI, 

USA), using pressurized nitrogen gas, and volumes determined by the movements of 

the fluid meniscus. Microinjections of the L-glutamate (20 mM, 50 nl）were used to 

functionally localize the RVLM site, a hypertensive response of at least 20 mmHg was 

identified as the positive control (Sakima et al., 2000). Microinjection of propofol was 

used in 1% fat emulsion, ZD-7288 (5 mM, Tocris) was diluted in artificial cerebrospinal 

fluid (ACSF) (Tallapragada et al., 2016). All microinjections were bilateral and the total 

volumes were 0.1 μl.  

Histological identification of microinjection sites. At the end of experiments, 

0.5% neutral red (0.1μl) was microinjected into the RVLM to mark the microinjection 

sites. Then mice were deeply anesthetized, and brains were removed and fixed in 4% 

paraformaldehyde (PFA) for 2 days. The frozen brain was sectioned in coronal 

brainstem plane (50μm) cut through the RVLM with a vibrating microtome (Leica, 

Germany) and mounted on slides. Microinjection sites were identified under optical 

microscope. Sections were photographed and compared with the atlas of Franklin and 

Paxinos (Li et al., 1995).  

Electrophysiological recording from RVLM neurons. The electrophysiological 

procedure was modified from a previous study (Li et al., 1995). Briefly, 7-14 day 

postnatal mice were deeply anesthetized (ketamine and xylazine, 200/14 mg/kg, i.m.) 

and then decapitated rapidly. The brainstem was immersed into sucrose-artificial 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 7, 2018 as DOI: 10.1124/mol.118.111898

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #111898 
 

9 
 

cerebrospinal fluid (ACSF, 0-4°C), containing (in mM) 26 NaHCO3, 1 NaH2PO4, 2.5 

KCl, 5 MgSO4, 0.5 CaCl2, 10 glucose, and 248 sucrose, equilibrated with 95% O2-

5%CO2. The brainstem slices (250-300 μm) were prepared using a vibrating 

microtomes (Campden5100mz, UK). Before recording, slices were incubated for 1-5h 

at room temperature (18-25°C) in lactic acid - CSF contained (in mM) 124 NaCl, 26 

NaHCO3, 1 NaH2PO4, 2.5 KCl, 2 MgSO4, 2 CaCl2, 10 glucose, and 4.5 lactic acid, 

bubbled with 95 % O2 - 5% CO2 (pH 7.3-7.4). Whole-cell patch-clamp recordings were 

performed with an Axon multiclamp 700B amplifier (Molecular Devices, USA) from 

visually identified RVLM neurons in the brainstem slices. RVLM area was confirmed 

using the following criteria; 1) located caudal to the facial motor nucleus; 2) clearly 

visible compact of the nucleus ambiguous; 3) Presence of the rostral end of the inferior 

olive (Kangrga and Loewy, 1995; Li et al., 1995; Moraes et al., 2013). Pipettes (4-7 

MΩ) were filled with the following composition (in mM): 112.5 potassium gluconate, 

17.5 KCl, 4.0 NaCl, 4.0 MgCl2, 10 HEPES, 0.2 EGTA, 2.0 Mg-ATP and 0.3 Na-GTP 

and 0.02% Lucifer yellow (pH7.3-7.4). RVLM neurons were visualized using a DIC 

microscope (BX51WI, Olympus) and infrared CCD camera (IR-1000, Dage-MTI). 

Tetrodotoxin (TTX, 0.5μM; Sigma) was applied to extracellular solution to block action 

potentials and a bicuculline /strychnine cocktail (both at 30μM; Sigma) was included 

to inhibit GABAA and glycine receptor channels. ZD-7288 (50 μM; Tocris) and 

propofol (Sigma) were applied to block Ih in the bath solution. Propofol was prepared 

as a 100 mg/ml stock solution in dimethyl sulfoxide (DMSO), and diluted into the 

extracellular solution at the indicated concentrations. 
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In voltage-clamp recordings, HCN channels currents in RVLM neurons were 

recorded by a series of hyperpolarization step voltage pulses (-60 to -120 mV, 10 mV 

increment, 3s) from a holding potential of -60 mV, following by a voltage step of -100 

mV to record tail currents. Tail currents were normalized and fitted with Boltzmann 

curves for derivation of half-activation voltage (V1/2). Time constants (τ) of Ih were 

calculated by fitting with a single or double exponential of the following form: Iτ=ISS 

+Ih exp-t/τ, Iss is the steady-state current (Chen et al., 2005).  

Quantitative Real-Time PCR (qRT-PCR) and Western blot. Mice at different 

ages (2-3 W, Young; 8-10 W, Adult; 40-60 W, Aged）were deeply anesthetized and 

coronal sections (300 μm) of the brainstem were obtained as described above. Then the 

RVLM contain the presympathetic neurons was microdissected by the Palkovits's 

micropunch technique using a 500 μm-diameter punch for qRT-PCR and western-blot 

analyses (Sunderram et al., 2009). This qRT-PCR array was performed using the 

TaqMan Pre-Amp Master Mix Kit (Life Technologies) with the following probes: beta 

actin (β-actin, NM_007393.5), HCN1 (NM_010408.3), HCN2 (NM_008226.2) and 

tyrosine hydroxylase (TH, NM_009377.1). PCR was performed using the followed 

thermal cycling program: 1 min at 95°C followed by 40 cycles of 15 s at 95°C, 20 s at 

58°C, and 20 s at 72°C, and a final extension for 20 min at 72°C. The mRNA expression 

of each gene was normalized to the expression of the housekeeping gene β-actin, and 

the values in different groups were expressed relative to the data obtained from the 

young group using the 2−ΔΔCT method.   

Proteins were extracted from these punches using RIPA lysis Buffer (Beyotime, 
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China) supplemented with a Protease and Phosphatase inhibitor cocktail (Roche) and 

quantified by the BCA protein assay kit (Beyotime, China). Forty micrograms of 

protein from each sample were denatured and separated by 10% SDS-PAGE gel 

electrophoresis, and then transferred to a PVDF membrane. Primary antibodies of 

mouse anti-HCN1 (1:800, Abcam), mouse anti- HCN2 (1:800, Abcam) and mouse anti- 

β-actin (1:3000, Abcam) were used. After incubation with primary antibody, the 

membranes were then incubated with appropriate rabbit anti mouse secondary antibody 

(1:5000, Abcam) for 1-1.5h. Immunoblotting was visualized with supersignal 

chemiluminescence detection kit (Beyotime, China) and detected by the software 

Quantity One (Bio-Rad, USA). 

Data acquisition and Analysis. All of the data are presented as means ± SD. SSPS 

version 16.0 (SPSS Inc.) was used for all the statistical analysis, except where noted. 

MAP and HR were analyzed using AD-Instrument Chart v7.0 software. 

Electrophysiological data were analyzed using Clampfit 10.5 (Molecular Devices, USA) 

and Origin 8.0 (OriginLab, USA). Western blot data were analyzed using Image J. qRT-

PCR data analysis was performed according to the protocol provided by Applied 

Biosystems. Data were compared using Student’s unpaired t test or one-way or two-

way ANOVA; post hoc pairwise comparison used Bonferroni’s correction of the t test 

as appropriate. p＜0.05 was considered to be statistically significant. 
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Results 

The propofol-induced cardiovascular depression was markedly alleviated in 

HCN1 Knockout mice 

Under awake condition, baseline mean arterial pressure (MAP) were not 

statistically different between WT mice and HCN1 KO mice (98.7 ± 6.6 mmHg vs. 

103.1 ± 7.3 mmHg; p > 0.05, n=12, Table. 1). In addition, the standard deviations of 

average BP during the 24h period (SBP SD 24h, DBP SD 24h and MAP SD 24h) were 

used to further assess blood pressure variability with respect to time, there were no 

significant differences in SD SBP 24h, SD DBP 24h and SD MAP 24h during the 24h 

period between WT mice and HCN1 KO mice (Table.1). However, baseline heart rate 

(HR) in HCN1 KO mice was significantly lower than that in WT mice (519.2 ± 24.9 

bpm vs. 560.1 ± 27.4 bpm, Table. 1). Moreover, for time-domain analysis of heart rate 

variability, time domain parameters (SNDD, RMSSD) were markedly increased in 

HCN1 KO mice compared with WT mice (Table.1). 

Next, the inhibitory effects of propofol on hemodynamic parameters (MAP and 

HR) between the two genotypes were examined, we used the non-invasive blood 

pressure measurements in order to eliminate the effects of other anesthetics on the 

cardiovascular system. Continuous infusions of propofol (1.25, 2.5, 5, 7.5 mg·kg-1·min-

1, 10 min) caused a significantly greater inhibition on MAP (-10.3 ± 2.9%, -15.8 ± 3.2%, 

-29.4 ± 3.3%, -51.7 ± 6.3%; ΔMAP, -10.1 ± 2.8, -15.6 ± 3.2, -28.6 ± 3.3, -51.0 ± 6.5 

mmHg; respectively, n=6) in WT mice compared with HCN1 KO mice (-6.8 ± 0.8%, -

9.7 ± 2.0%, -19.0 ± 3.5%, -39.5 ± 5.8%; ΔMAP, - 6.3 ± 1.3, -10.0 ± 2.1, -19.6 ± 3.4, -
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40.7 ± 6.2 mmHg; respectively, n=6, Fig.1A). Similarly, HR of WT mice (-2.4 ± 1.3%, 

-6.6 ± 1.7%, -16.7 ± 2.7%, -37.7 ± 4.9%; ΔHR, -13.2±7.3, -37.0 ± 9.6, -93.5 ± 15.1, -

211.2 ± 27.4 bpm; respectively, n=6) which respond to propofol infusions also 

decreased more than that of HCN1 KO mice (-2.1± 0.7%, -4.7 ± 1.5%, -12.7 ± 2.9%, -

27.5 ± 3.3%; ΔHR, -11.2 ±3.9, -24.4 ± 7.6, -66.0 ± 10.2, -142.8 ± 16.4 bpm; respectively, 

n=6, Fig.1B). 

Pretreatment with ZD-7288 attenuated the hemodynamic changes of Propofol 

microinjection in the RVLM 

Then, we examined the cardiovascular responses to microinjections of propofol 

and ZD-7288 (HCN channel selective blocker) in RVLM. As illustrated in Fig.2, 

identification of the RVLM area were based upon a rapid and marked increase in blood 

pressure (>20 mmHg, Fig. 2A) by microinjection of L-glutamate (20 mM, 50 nl) and 

histological verification shown in Fig. 2F. Microinjections of propofol (1%, 0.1 μl) and 

ZD-7288 (5 mM, 0.1 μl) provoked a significant decrease in MAP (-36.0 ± 3.6 mmHg, 

-8.0 ± 1.3 mmHg; respectively, n=6, Fig. 2G) and HR (-43.3 ± 4.9 bpm, -6.4 ± 0.9 bpm; 

respectively, n=6, Fig. 2H). A diminished response to propofol microinjection in RVLM 

was caused by pretreatment with ZD-7288 (Fig. 2G and 2H). Our results demonstrated 

that HCN channels contribute to the cardiovascular effects of propofol, which related 

to the effects in RVLM. 

ZD-7288 pretreatment abated propofol-induced inhibitory electrophysiological 

effects in RVLM presympathetic neurons  

To further investigate the molecular basis of propofol-induced cardiovascular 
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inhibition, we analyzed whether HCN channels participate in the inhibitory effects of 

propofol using voltage clamp and current clamp. An example of Lycifer-yellow stained 

RVLM neuron and its intrinsic electrophysiological characteristic are shown in Fig.3A, 

the perikarya of RVLM neurons were rhombic, fusiform or triangular in shape and 

neurons had relatively simple dendritic trees consisting of three to six primary dendrites 

(Fig.3A). Under hyperpolarizing step voltage pluses (-60 mV to -120 mV, 10 mV 

increment, 3s) from a holding potential of -60 mV, RVLM presympathetic neurons 

exhibited a pronounced hyperpolarization activated inward current, which start be 

activated at ~ -60 - -70mV with peak at -120 mV (200-300 pA), half-activation voltage 

(V1/2) of -95.9 ± 4.9 mV, and a slope factor of -7.2 ± 0.6 mV, time constants (τ) of Ih at 

-120 mV is 276.3 ± 45.2 ms, time constant (τfast, the fast component determined from 

biexponential fits) is 122.9 ± 37.9 ms, time constant (τslow, the slow component 

determined from biexponential fits) is 952.4 ± 380.6 ms (Fig. 3B). ZD-7288 (50 μM) 

almost abolished this current (Fig. 3B) and markedly increased the input resistance (Ri, 

~60%, Fig. 4C). Propofol (5, 10, 20 μM) inhibited Ih and caused a significant 

hyperpolarizing shift in half-activation voltage (V1/2) in a concentration-dependent 

manner (Fig. 4B and 4D). Maximal inhibition of propofol (0-40 μM) on Ih was -59.8 ± 

7.6% (Fig. 4B). Propofol (20 μM) resulted in a significant increase in Ri (Fig. 4C). 

However, propofol had no effects on Ri in RVLM neurons following elimination of Ih 

by ZD-7288 (Fig. 4C), suggesting propofol-induced increase in Ri was caused by 

inhibition of Ih. 

Moreover, under current-clamp recording, ZD-7288 reduced the spontaneous 
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firing rate of RVLM neurons (from 4.5 ± 1.1 to 3.5 ± 0.8Hz; p = 0.02, n=11, Fig. 5A 

and 5B), with a slower slope of ramp potentials and remarkable hyperpolarization of 

resting membrane potential (-9.1 ± 1.9 mV, n=7, Fig. 5B-C). Propofol (5, 10, 20 μM) 

dose-dependently reduced the firing rate and evoked moderate membrane 

hyperpolarization (Fig. 5B-C). After ZD-7288 pretreatment, the half maximal 

concentration (EC50) of firing rate inhibition of propofol shifted from 8.4 ± 0.9 μM to 

11.2 ± 1.2 μM (n=3, Fig. 5D), and propofol (20 μM) was failed to evoke a significant 

membrane hyperpolarization following Ih eliminated by ZD-7288 (Fig. 5A and 5E). 

Thus inhibition of Ih mediating membrane hyperpolarization by propofol in RVLM 

neurons.  

Age-related increase of HCN channels contribute to the increasingly sensitivity of 

propofol   

Propofol causes hypotension and bradycardia more frequently in elderly patients 

than young adult (Hug et al., 1993; Memtsoudis et al., 2005), and altered expressions 

of HCN channels can affect the sensitivity to propofol, and it remains unclear whether 

the increased sensitivity to propofol in the elderly attribute to the age-related changes 

of HCN channels in RVLM neurons. Thus, in this study, we used qRT-PCR and Western 

blot to determine the effects of aging on the mRNA and protein expressions of HCN1 

and HCN2 channels. To further confirm that HCN channels in RVLM contribute to the 

cardiovascular effects of propofol, we investigated the changes of expression of HCN 

channels in RVLM neurons. 

As shown in Fig. 6A-B, the results of qRT-PCR revealed a progressive and 
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significant increase in HCN channels mRNA level with ages. In comparison to young 

mice, HCN1 mRNA in RVLM increased about 33% at adult mice and 95% at aged mice 

(Fig. 6A), HCN2 mRNA also increased 44% at adult mice, and that of aged mice 

increased 80% (Fig. 6B). Likewise, the protein levels of HCN channels also displayed 

an age-related increase trend. Compared to young mice, HCN1 protein in RVLM of 

adult and aged mice increased approximately 70% and 110%, respectively (Fig. 6C). 

HCN2 protein level in RVLM at adult and aged mice also increased ~ 41% and 180%, 

respectively (Fig. 6C-D).     
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Discussion 

This study has implications for understanding both the neuropharmacology of 

propofol action and the molecular basis of propofol-induced hypotension and 

bradycardia. Firstly, HCN1 channel was confirmed to be a key target for propofol-

induced cardiovascular inhibition. Secondly, the central inhibitory action of propofol 

was further substantiated by the dramatic drop in MAP and HR after microinjection of 

ZD-7288 in RVLM, and a diminished response to propofol microinjection was caused 

by ZD-7288 pretreatment. Furthermore, in the electrophysiological recording, propofol 

and ZD-7288 inhibited Ih and suppressed the autoactivity of RVLM presympathetic 

neurons. ZD-7288 pretreatment attenuated the inhibitory electrophysiological effects of 

propofol on RVLM neurons. At last, both the mRNA and protein level of HCN channels 

in RVLM neurons increased in an age-dependent manner, which are expected to 

account for the increased cardiovascular sensitivity to propofol. Taken together, the 

inhibition of HCN channels in RVLM neurons contribute to propofol-induced 

cardiovascular inhibition.  

In this study, there was no significant difference on MAP between WT and HCN1 

KO mice, but HCN1 KO mice displayed a slower heart rate and increased heart rate 

variability than WT mice, which was consistent with the result of previous literature 

that HCN1 deficient mice display congenital sinoatrial node (SAN) dysfunction 

characterized by bradycardia (Fenske et al., 2013). Previous literatures have reported 

that when propofol infused at 2.5-10 mg·kg-1·min-1, the peak total serum concentrations 

of propofol were approximately 20-30 μg/g (Larsson and Wahlstrom, 1998), which 
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correspond with 112-170 μM. Accordingly, the concentrations of propofol used in our 

study were similar to those reported by previous studies (Larsson and Wahlstrom, 1994; 

Larsson and Wahlstrom, 1998; Sinha et al., 2015) and are well within the clinically 

relevant range (8-180 μM) (Higuchi et al., 2003). After continuous intravenous 

infusions of propofol, HCN1 KO mice displayed less cardiovascular inhibition on MAP 

and HR to intravenous infusions of propofol than WT mice. These results demonstrated 

that HCN1 channels contribute to the cardiovascular inhibition of propofol.  

The RVLM is well known as a pivotal cardiovascular integration center, which is 

crucial to maintain the baseline arterial pressure and heart rate (Guyenet et al., 2013). 

In our study, both propofol and ZD-7288 evoked a significant drop in MAP and HR, 

and ZD-7288 pretreatment significantly attenuated the hemodynamic effects of 

propofol. Moreover, interesting, like propofol, clonidine (Knaus et al., 2007), 

dexmedetomidine (Yang et al., 2014) and ketamine (Chen et al., 2009) are potent HCN 

channel blockers, microinjections of these drugs were also reported to directly produce 

a dramatic attenuation in MAP and HR (Hong et al., 1992; Schreihofer and Guyenet, 

2000; Wang et al., 2001), suggesting that RVLM may be the pivotal site of the 

cardiovascular effects of anesthetics, and these anesthetics achieve the cardiovascular 

effects via inhibition of HCN channels in RVLM neurons.  

According to the electrophysiological recording results, Ih was suggested to serve 

as a pacemaker current which playing a key role in regulating the spontaneous firing 

activity of RVLM neurons (Kangrga and Loewy, 1995; Li et al., 1995). Although, in 

Fig. 2 and 5, ZD-7288 pretreatment was failed to abolish the inhibitory effects of 
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propofol on RVLM neurons, which suggests that the effects of propofol may also 

mediated by other targets (e.g. GABAA receptor), microinjection of GABA into RVLM 

are reported to reduce a significant fall in MAP and HR (Lacerda et al., 2003), we 

confirmed that HCN channels in RVLM neurons partially mediated the adverse 

cardiovascular effects of propofol. Among four HCN channels subunits, HCN1 and 

HCN2 subunits are predominantly distributed in medulla oblongata (Milligan et al., 

2006; Notomi and Shigemoto, 2004). Additionally, the activation of HCN2 channel is 

highly accelerated by the increase of cytoplasmic cAMP (Biel et al., 2009), activation 

of cAMP-dependent pathways in RVLM neurons evoked sympathoexcitation and a 

pressor effect. Microinjection of cAMP analogs (8-Br-cAMP) evoked increase in MAP 

(Tallapragada et al., 2016). In neonatal RVLM brain slice preparations, 8-Br-cAMP and 

forskolin (adenylyl cyclase activator) increased the firing rate of RVLM presympathetic 

neurons in the presence of tetrodotoxin (Sun and Guyenet, 1990). It is possible that both 

HCN1 and HCN2 channels are jointly participate in maintaining the neuronal 

excitability of RVLM neurons.  

 Similarly, except for RVLM neurons, HCN1 and HCN2 channels express in other 

area might also contribute to the cardiovascular effects of propofol. As previously 

reported, HCN channels (HCN1 and HCN2) at sinoatrial node contribute to the negative 

chronotropic action of propofol at clinically relevant concentrations (Cacheaux et al., 

2005). Since HCN channels conduct a depolarization current, the age-related increase 

of HCN1 and HCN2 channels mRNA and protein expression exert its influences on the 

neuronal excitability of RVLM neurons, which may result in an increased sensitivity to 
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propofol-induced cardiovascular inhibition (Krassioukov et al., 1993; Memtsoudis et 

al., 2005). Due to the great challenges in electrophysiological recording in RVLM 

neurons from adult and aged mice, the most relevant studies were performed in the 

slices of neonatal and juvenile rats. In spite of that, it has been reported that the intrinsic 

firing rate of RVLM neurons of juvenile rats (9.73 ± 1.06 Hz) is significantly higher 

than that of neonatal rats (4.3 ± 1.7Hz) (Almado et al., 2014). However, the detailed 

effects of the age-related alternation of HCN1 and HCN2 channels on the 

electrophysiological properties of RVLM neurons need further investigation. 

 This study has some limitations. First, for lack of HCN1 and HCN2 double 

knockout mice, we failed to use the HCN channels knockout mice in the whole 

experiments. And ZD7288 is a subtype specific HCN channel blocker. It would be more 

convincing if selective blockers (e.g., MEL57A) are used in further study (Del Lungo 

et al., 2012). Second, in the microinjection procedure, the mice were deeply 

anesthetized with pentobarbital, hence the hemodynamic changes of microinjections 

cannot fully reflect the effects of drugs. If possible, an optogenetic approach could be 

more convincing to explore the role of HCN channels in conscious mice. At last, in this 

study, due to the great challenge of continuous intravenous infusion in young mice (2-

3w), we fail to demonstrate an age-dependent difference in propofol-induced 

cardiovascular depression in this model animal. 

In conclusion, the inhibition of RVLM may contributes to propofol-induced 

cardiovascular inhibition, and HCN1 and HCN2 channels in these neurons may play a 

vital role in mediating these actions. This finding may have a guiding significance for 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 7, 2018 as DOI: 10.1124/mol.118.111898

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #111898 
 

21 
 

us to develop new anesthetic that have less effects on cardiovascular system. 
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Figure Legends 

 

Fig.1. Propofol caused less cardiovascular depression in HCN1 KO mice than in 

WT mice. A-B. Box-whisker plots of the effects on MAP (A) and HR (B) by continuous 

intravenous infusions of propofol (1.25, 2.5, 5, 7.5 mg · kg-1 · min-1, 10min) in WT 

mice than in HCN1 KO mice. WT, wide-type; KO, knock out. Values are represented 

as Box-Whisker plot. Error bars comprise the whiskers that extend to the maximum and 

minimum value data sets. Asterisks denote significant differences between HCN1 KO 

mice and wide-type mice.* p < 0.05, *** p < 0.001, two-way ANOVA with Bonferroni 

post hoc t test; n = 6 in each group. 

 

Fig.2. Hemodynamic Effects of bilateral microinjection drugs into the rostral 

ventrolateral medulla (RVLM). A-D. The effects of microinjection of L-glutamate 

(20 mM, 50nl; A), ACSF (0.1μl, B), propofol (1%, 0.1μl; C), ZD-7288(5 mM, 0.1μl; 

D) into the RVLM on blood pressure; PPF, propofol. E. Pretreatment with ZD-7288 

attenuated the effect of propofol microinjection in the RVLM on blood pressure. F. 

Histological identification of microinjection sites. Py, pyramidal tract; RVLM, rostral 

ventrolateral medulla; 4V, 4th ventricle; P7, perifacial zone; sp5, spinal trigeminal 

tract; icp, inferior cerebellar peduncle; sol, solitary tract; 10cb, 10th Cerebellar lobule. 

G-H. Box-whisker plots of microinjection drugs on the changes of MAP (G) and HR 

(H). * p < 0.05, *** p < 0.001, One-way ANOVA with Bonferroni post hoc t test; n = 

7 in each group 
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Fig.3. Propofol and ZD-7288 inhibited Ih in the RVLM presympathetic neurons. 

A. The morphology (left) and electrophysiology characteristic (right) of a typical 

RVLM neuron. Scale bar are 20μM. B. Voltage clamp recording (-60 mV to -120 mV, 

-10 mV increment) of Ih under control condition and in ZD-7288 (50 μM), propofol 

(20 μM) and propofol (20 μM) after ZD-7288 pretreatment (50 μM, 5min). C. 

Current-voltage relationship of the steady-state portion of the averaged Ih. D. Ih 

activation curve (Boltzman fitted) showing the voltage dependence of the inward 

current. E. The current density (Boltzman fitted) curve of Ih in RVLM neurons. PPF, 

propofol; Values are presented as means ± SD, n =7 in each group. 

 

Fig.4. Effects of propofol on input resistance and half-activation in RVLM 

neurons. A. The comparison of Ih amplitude at -120 mV under control condition and 

ZD-7288 (50 μM) and propofol (5, 10, 20 μM). B. Propofol (0, 5, 10, 20, 40 μM) 

concentration dependently inhibited Ih in the RVLM presympathetic neurons. C. Box-

whisker plots of the effects of ZD-7288 (50 μM), propofol (20 μM) and propofol (20 

μM) after ZD-7288 pretreatment (50 μM, 5 min) on the input resistance (Ri) of 

RVLM neurons. D. Box-whisker plot of the effects of propofol (0, 5, 10, 20 μM) on 

half-maximal activation potential (△V1/2) of Ih in RVLM neurons. PPF, propofol; 

Values are presented as means ± SD; * p < 0.05, *** p < 0.001, ns, no significance; 

One-way ANOVA with Bonferroni post hoc t test. n=7 in each group. 
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Fig. 5. Effect of ZD-7288 and propofol on spontaneous firing rate (FR) and 

resting membrane potential (RMP) in RVLM neurons. A. The effects of ZD-7288 

(50 μΜ), propofol (20 μM) and propofol (20 μM) after ZD-7288 pretreatment (50 

μM, 5 min) on spontaneous firing rate and resting membrane potential of RVLM 

neurons. B. Box-whisker plot of the effect of ZD-7288 (50 μM) on the firing rate of 

RVLM neurons (*p<0.05 by two-tailed unpaired t test). C. ZD-7288 (50 μM) 

modulated RVLM neurons by prolonging the interspike interval and hyperpolarizing 

membrane potential. D. Pretreatment with ZD-7288 attenuated the inhibition of 

propofol on FR (EC50 from 8.4 ± 0.9 μM to 11.2 ± 1.2 μM. *p < 0.05 by two-way 

ANOVA, n = 3). E. Box-whisker plot of the effects of ZD-7288 and propofol on 

resting membrane potentials (RMP) of RVLM neurons, PPF; propofol. * p < 0.05, 

*** p < 0.001, ns, no significance; One-way ANOVA with Bonferroni post hoc t test. 

n=7 in each group. 

 

Fig. 6. Age-related increase in the mRNA and protein level of HCN channels in 

RVLM neurons. A-B. Box-whisker plots of age-related increase in the mRNA level 

of HCN1 (A, n = 6) and HCN2 channels (B, n = 6) during development. C-D. 

Representative Western blot of the protein level of HCN1(C) and HCN2 (D) channels. 

And quantitative analysis was determined by the ratio of between HCN1 or HCN2 

and β-actin immunoreactivity (n = 3). * p < 0.05, ** p < 0.01, ns, no significance; 

One-way ANOVA with Bonferroni post hoc t test. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 7, 2018 as DOI: 10.1124/mol.118.111898

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #111898 
 

35 
 

Table 1. Baseline Hemodynamics parameters. 

 WT HCN1 KO 

Body Weight, g 24 ± 3.8 (12) 25 ± 3.1 (12) 

Baseline HR, beats/min 560.1 ± 27.4 (12) 519.2 ± 24.9 (12)* 

RR intervals, ms 109.2 ± 10.0 (5) 122 ± 10.5 (5)* 

SDNN, ms 13.1 ± 1.4 (5) 20.4 ± 1.6 (5)* 

RMSSD, ms 7.4 ± 1.7 (5) 18.1± 1.5 (5)* 

SBP, mmHg 129.2 ± 11.4 (12) 131.0 ± 7.6 (12) 

SD SBP 24h, mmHg 5.8 ± 0.6 (6) 5.4 ± 0.6 (6) 

DBP mmHg 87.4 ± 8.0 (12) 85.7 ± 8.3 (12) 

SD DBP 24h, mmHg 6.4 ± 0.7 (6) 5.3 ± 0.8 (6) 

MAP, mmHg 98.7 ± 6.6 (12) 103.1 ± 7.3 (12) 

SD MAP 24h, mmHg 6.0 ± 0.7 (6) 5.3 ± 0.7 (6) 

WT, Wild type; HCN1 KO, HCN1 Knockout; SDNN, standard deviation of all NN 

interval; RMSSD, square root of the mean of the squares of differences; SBP, systolic 

blood pressure; DBP, diastolic blood pressure; MAP, Mean Arterial Pressure. Values 

are represented as Mean ± SD. *p < 0.05 vs. WT. The numbers in parentheses are 

sample size. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 7, 2018 as DOI: 10.1124/mol.118.111898

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #111898 
 

36 
 

 

Fig. 1 
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Fig. 2 
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Fig. 3 

  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on September 7, 2018 as DOI: 10.1124/mol.118.111898

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #111898 
 

39 
 

 

Fig. 4 
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Fig. 5 
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Fig.6 
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